Understanding spatial gene expression and regulation is key to uncovering developmental and 33 physiological processes, during homeostasis and disease. Numerous techniques exist to gain gene 34 expression and regulation information, but very few utilise intuitive true-to-life three-dimensional 35 representations to analyze and visualize results. Here we combined spatial transcriptomics with 3D 36 modelling to represent and interrogate, transcriptome-wide, three-dimensional gene expression and 37 location in the mouse adult heart. Our study has unveiled specific subsets of genes that display 38 complex spatial expression in organ sub-compartments. Also, we created a web-based user interface 39 for spatial transcriptome analysis and visualization. The application may be accessed from
Introduction 139 140
To uncover global synexpression groups beyond these representative gene expression patterns, we 141 performed unbiased soft clustering and 3D visualization across the heart ( Figure 2D ). The analysis 142 revealed 15 clusters of which 10 had specific enrichment of gene expression localised to one 143 anatomical compartment (e.g.: expression pattern restricted to vessels; atria; left or right ventricles).
144
Interestingly, 5 clusters contained gene sets with complex expression patterns across anatomical 145 sections (e.g.: expression pattern observed in atria, vessels and ventricular septum; atria and right 146 ventricle) ( Figure 2D ). These novel synexpression groups indicate complex molecular functions 147 shared across anatomical compartments (Table S2 ). Genes that are not spatially restricted (i.e.: highest 148 probability of belonging to a cluster is less than 0.7) were clustered together ( Figure S2C ) and the 149 observed average standardised expression was across all sections. Gene ontology (GO) analysis of 150 these gene sets identified enrichment of cellular maintenance processes, supporting the role of this 151 broadly expressed synexpression group in basic cellular functions ( Figure S2D ).
153
In summary, expected patterns of gene regulation in the murine heart were captured in our study and 154 novel patterns were also revealed. 
176
We then investigated gene expression differences between the left and the right atria. No specific 177 synexpression groups from the soft-clustering could capture differences between the atria. Thus, we 178 performed a supervised DGE analysis between the left and right atria, and identified markers for each 179 atrium ( Figure 3E ). The left atrium was characterised by known markers such as left cardiac lineage Figure 3F ). Consistent with this, KEGG pathway analysis of the 182 identified DGE revealed enrichment of TGF-beta signalling, neuroactive ligand-receptor interaction 183 and calcium signalling pathways in the right atrium ( Figure S2F ). In addition, comparative analysis of 184 the molecular functions differentially recruited between the left or the right atrium suggested that 185 extracellular matrix (ECM) functions (driven by well-known ECM components such as Hmcn2,
186
Adamts8) are highly enriched in the left atrium ( Figure 3G ). In contrast, cytokine binding and channel 187 activity was enriched in the right atrium (exemplified by markers such as Lepr, Kcnc2, Hcn4).
188
Collectively, our findings provide insight into the specific transcriptional attributes of the atria where 189 major expression differences pertain to the pacemaker functions restricted to the right atrium. 
199
CoA analysis also allowed us to determine which genes caused most of the variability in the ventricles 200 ( Figure 4A ). These include Nppb Efr3b, Brca1, Nrn1, Ces2e and Plekhh1 as enriched in the left 201 ventricle and Itga2b, Ngp and Tubb1 in the right ventricle ( Figure 4E ). Furthermore, as validation, we 202 performed RNAscope in situ hybridization of Nppb expression ( Figure S2K ). Supervised DGE 203 analysis between the left and right ventricular segments confirmed the findings using clustering 204 analysis ( Figure 4F ). Indeed, we found a similar pattern of separation with the cardiac sections when 205 we conducted hierarchical clustering using the genes with the highest log fold changes from our DGE 206 analysis ( Figure 4F ). The genes with the highest log fold changes are common to the top genes from 207 9 our CoA and soft cluster analysis, such as, Itga2b, Tubb1, Nppb, and Plekhh1. Intriguingly, we found 208 that the top genes of the right ventricle regulate processes such as wound healing and blood 209 coagulation (Table S1 ).
211
To further delve into the transcriptional complexity of the ventricles, we investigated additional 212 sources of variation within the dataset. For this, we examined components 5 and 6 of the ventricular 213 sections in the CoA ( Figure 5A ). We identified three clustered groups of sections corresponding to a 214 unique spatial transcriptional pattern. These revealed that the inferior sections of the right ventricle 
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This analysis provides a novel appreciation of the molecular differences within the two ventricles. Figure 6A ). In addition, a custom set of genes 249 may be uploaded (for example single-cell markers), and the system will in turn extract a gene 250 expression signature by performing an averaged expression of those genes for each section across the 251 entire heart. The 3D model can be rotated or expanded for the examination of spatial patterns of gene 252 expression ( Figure 6B ). The right panel displays this information for the current gene, sorted by the 253 absolute descending value of the Pearson coefficient of determination (expressed as a percentage),
254
giving the user genes which have RNA expression levels most correlated and inversely correlated 255 with their current gene of interest ( Figure 6C ), allowing the identification of synexpression groups.
256
For the first time, a 3D interface for exploring spatial gene expression offers real time differential 257 gene expression analysis. Comparisons between any two sets of cardiac sections can be performed 258 "on-the-go" and directly visualized by the "Piecewise Comparison" panel of 3D-cardiomics. Selecting 259 11 "Compare" allows the input of the first set (which may include more than one sub-compartment), 260 which can be selected by clicking on the model ( Figure 6D ). Finally, data can be visualized using two 261 colour modes ( Figure 6E ) facilitating the website accessibility. In summary, our tool offers an ease of 262 analysis and visualization of the adult mouse transcriptome, which could be applicable to any other 263 organ or tissue 3D model.
265

Discussion
266
Our study presents a novel way to integrate high-throughput data on a three-dimensional model for 
275
The online tool we have created is advantageous, as expression profiles of sufficiently expressed 276 genes or groups of genes in the heart can be visualized, as well as corresponding correlated genes.
277
Additionally, our tool effortlessly allows for differential gene expression analysis, and visualization.
278
Furthermore, the easily accessible tool can be freely used for visualization and analysis of cardiac 279 related gene expression, which is beneficial for hypothesis building and uncovering of new roles of 280 gene expression in the mammalian heart.
282
Our spatial transcriptomic approach allowed us to show that most of the variability between the 283 cardiac sections is due to the difference between the atria, major vessels and ventricles. In the major 284 vessels, we found enrichment of genes functionally associated with metabolism. For instance, we 12 found Pon1, a gene known to be associated with atheroprotective effects and regulation of 
304
Beyond these major differences between atria and ventricles, we identified a unique set of spatial gene 305 expression signatures. We hypothesised that the cellular composition between the sub-compartments 
351
In summary, we propose that by retaining the spatial signature of the transcriptome of organs and in 352 combination with 3D models not only allows us to visualise expression patterns across an organ but 353 greatly enhances discovery. We anticipate that the capacity of 3D-Cardiomics to be combined with 354 single cell or pathological signatures will be of great utility to the cardiac field. 
Heart extraction and microdissection 381
Mice of approximately 6-10 weeks of age were culled using the cervical dislocation method, then 382 sprayed with 80% v/v ethanol and immediately dissected through the abdomen under the sternum.
383
Once the diaphragm was dissected away to access the upper abdominal cavity, the rib cage was cut 384 and lifted to expose the heart and lungs. Perfusion was then performed on the heart. Firstly small 385 incisions were made on each lobe of the liver to aid in bloodletting. Hanks' Balanced Salt Solution 386 was delivered through the left ventricle for one minute, using a 10 mL syringe with a 26-gauge 387 needle. Hearts were removed by grasping the heart by the root and cutting through the major vessels The isolated hearts were first dissected using Vannas scissors to remove the atria and major vessels.
392
Each ventricle was then microdissected into four equidistant transverse sections with a mouse heart 393 slicer matrix. An anchor blade was used at the superior end of the heart to ensure the heart did not 394 move. The blades were firmly pressed down simultaneously to cut through the ventricles. All sections 395 were then placed into PBS and individually dissected into the sections as specified in Figure 1C 
